In marine fish producing pelagic eggs, the acquirement of buoyancy by the eggs through the hydration process is a key event of reproduction; moreover, the yolk proteolysis, which leads to buoyancy, seems to affect the fertility and survival of the spawned eggs. Recently we demonstrated that cathepsin D is the aspartic protease responsible for this intraoocytic processing of vitellogenin into yolk proteins. In the present study, we isolated, cloned, and sequenced the cDNA encoding cathepsin D and studied expression of the message by Northern blotting and whole-mount in situ hybridization.
INTRODUCTION
In oviparous species, yolk is not a single substance but a mixture of materials used for embryonic nutrition. In the gilthead seabream, Sparus aurata, the ovary grows rapidly by sequestration of extra-ovarian macromolecules; eggs mature in batches and are ovulated daily for about 3 mo. The major component of yolk is a phosphoglycoprotein called vitellogenin (VTG), which in seabream is about 400 kDa [1] . VTG is synthesized by the liver under hormonal control, transported by the blood, and incorporated into the oocyte through receptor-mediated uptake. Once in the oocyte, cytoplasmic translocation of VTG is accompanied by its specific proteolytic processing into the yolk proteins: namely lipovitellin and the heavily phosphorylated phosvitin. These two proteins are packaged together into membrane-bounded yolk platelets. In teleosts laying pelagic (floating) eggs, a second period of proteolytic cleavage of yolk components has been observed [2] [3] [4] [5] [6] . This second pronounced proteolysis, which occurs during oocyte maturation, may generate part of the osmotic gradient required for water uptake during the hydration phase. In addition, mature pelagic eggs possess a large free amino acid pool, probably created by hydrolysis of yolk protein [7] . Recently, in chickens [8] and in salmonid fishes [9] , as well as in the species studied here [10] , the findings obtained provided evidence that the catalyst for intraoocytic processing of VTG is cathepsin D; in fact, this enzyme has been recognized to be responsible for the yolk protein processing pathways during vitellogenesis [10] .
Cathepsin D is a member of the family of aspartic proteases and plays a role in the lysosomal-mediated degradation of proteins [11] . Its gene has been cloned and sequenced in a number of mammalian species [12] [13] [14] , in the chicken [8] , and in one species of fish, the rainbow trout [15] .
In Mediterranean areas, the gilthead seabream, Sparus aurata, naturally ovulates daily for up to 3 mo in captivity [16] ; however, spawning can be shifted by maintaining the fish under modified photoperiods. The production of large numbers of sinking eggs, unable to develop into embryos, represents one major limiting factor in the controlled reproduction of the gilthead seabream. The quality of eggs, defined in this species as the proportion of eggs spawned that were floating and viable, seems to be dependent on many factors, including the time of spawning; in fact, the percentage of sinking eggs is increased by any delay in the spawning time [17] .
Since cathepsin D, as mentioned above, has been recognized to be responsible for the yolk protein processing pathways during vitellogenesis, the aim of this work was to monitor the differences of cathepsin D at the level of mRNA expression and of enzymatic activity in floating and sinking eggs of the gilthead seabream, Sparus aurata.
MATERIALS AND METHODS

Animals
During spawning, males and females of the gilthead seabream, Sparus aurata, of about 2 kg were manually stripped, and the gametes were used for in vitro fertilization. After fertilization, floating eggs were separated from sinking eggs. Embryos obtained via in vitro fertilization were assayed for cathepsin D activity and for the location of cathepsin D mRNA by in situ hybridization. 
Enzyme Assay
The enzymatic activity of cathepsin D was measured starting from 200 g of tissue for each sample, according to the methods described in Takahashi and Tang [18] , using hemoglobin as substrate. Samples were placed in 3 vol of distilled water, and the mixtures were thoroughly homogenized and centrifuged at 13 000 ϫ g for 5 min at 4ЊC. The supernatant was recovered and used for enzymatic assays. In order to test the substrate specificity of the enzymatic preparation, its activity was assayed using as substrates both benzoyl-L-argininamide (Sigma, St. Louis, MO) and glycyl-L-phenylalaninamide (Sigma), which are considered specific substrates for cathepsin B and C, respectively [19] . Inhibition studies were performed by preincubating cathepsin D for 5 min at 37ЊC with 0.07 M pepstatin A (Sigma) and measuring any residual activity by the above method. Determinations in replicates of five individual animals, randomly collected, were performed for each group.
RNA Isolation
Total RNA preparation from liver, ovary, and floating and nonfloating eggs was carried out using guanidinium isothiocyanate-cesium chloride (Sigma) following the method of Chirgwin et al. [20] . The quality and the integrity of the RNAs were analyzed by measuring the absorbance ratio A 260 /A 280 as well as by electrophoresis on 1% agarose gels.
Rapid Amplification of cDNA Ends (RACE)/Anchored PCR for the 3Ј and 5Ј Ends of Cathepsin D Ten micrograms of total RNA extracted from seabream ovary was transcribed by 100 IU M-MLV reverse transcriptase (Gibco-BRL, Gaithersburg, MD). The resulting cDNA products were used as template in reverse transcription (RT) polymerase chain reaction (PCR).
Initially, a 370-nt fragment of cathepsin D cDNA was generated by RT-PCR using primers designed to conserved regions of the human [12] , mouse [21] , rat [13] , and chicken [8] cathepsin D gene sequences (sense: 5ЈGGCTCC-TCCAACCTGTGGGT3Ј, antisense: 5ЈCAGGTAGAAGGA-GAAGATGT3Ј). 3Ј RACE PCR (Gibco 3Ј RACE PCR kit) using the specific sense primer (5Ј GGCTCCTCCAACCT-GTGGGT, nt 367-386; see Fig. 2 ) with 0.5 g total RNA isolated from seabream pre-spawning ovary was used to generate a 1468-nt product. This PCR product was purified, cloned, and sequenced.
The 5Ј end of the mRNA was obtained using the specific antisense primer 5ЈGAGATACCTTCAGTGTAC (nt 1708-1725; see Fig. 2 ), which matches the region 60 base pairs (bp) upstream of the polyadenylation signal, within the 3Ј UTR (untranslated region). The resulting PCR product of 1722 nt was cloned, sequenced, and analyzed by FASTA (version 3.0t6, Pearson and Lipman, [22] ).
Cloning and Sequencing
PCR products were cloned into pGem using the pGem-T vector system (Promega, Madison, WI). DNAs were sequenced using the T7 sequenase version 2.0 DNA sequencing kit (Amersham, Piscataway, NJ) and the Dye Terminator kit (Perkin Elmer, Foster City, CA) on an ABI PRISM DNA sequencer (Perkin Elmer). The primers T7 and SP6 polymerase were used to obtain the initial 3Ј and 5Ј sequences, respectively, and then new primers were constructed on the basis of the sequence obtained.
Northern Blot Analysis
The isolated RNAs were fractionated on a 1% formaldehyde-agarose gel and capillary-blotted to Hybond N (Amersham). To obtain an RNA hybridization probe, the pGem-T vector carrying the 1722-bp-long cathepsin D insert was linearized by enzymatic digestion using ApaI and transcribed using SP6 RNA polymerase in the presence of digoxigenin (DIG)-11-dUTP mixture (DIG RNA labeling kit; Boehringer-Mannheim, Mannheim, Germany).
Prehybridization was performed in 50% (w:v) formamide, 5-strength SSC (single-strength SSC is 0.15 M sodium chloride, 0.015 M sodium citrate), 0.1% (w:v) N-laurylsarcosine, 0.02% (w:v) SDS, and 2% blocking buffer (100 mM maleic acid) at 65ЊC. Hybridization was performed under the same conditions as described above, the only difference being the temperature, which was lowered to 50ЊC. The DIG Luminescent Detection Kit (Boehringer Mannheim, Indianapolis, IN) was used for the detection of DIGlabeled nucleic acids. The hybridized probe was immunodetected with anti-digoxigenin Fab fragments conjugated to alkaline phosphatase, and visualized with the chemiluminescence substrate CSPD (25 mM disodium 3-(4-methoxyspiro [1,2 dioxetane-3,2Ј-(5Ј-chloro)tricyclo (3.3.1.1. 3,7)decan]-4-yl) phenyl phosphate). Enzymatic dephosphorylation of CSPD by alkaline phosphatase leads to light emission at a maximum wavelength of 477 nm, which was recorded on x-ray films.
In Situ Hybridization of Whole Embryos
The embryos were fixed in 4% paraformaldehyde in double-strength PBS (single-strength PBS is 8 g NaCl, 0.2 g KCl, 1.44 g NaHPO 4 , with pH adjusted to 7.4 with HCl and water added to 1 L) for 24 h, processed into methanol, and incubated with 6% H 2 O 2 for 1 h at room temperature for whole-mount in situ hybridization. For each experiment, approximately 100 embryos were rinsed in PBS and manually dechorionated on ice with two sharp tungsten needles. Preparation of DIG-labeled antisense riboprobe was performed as described above; pretreatment of embryos, hybridization, and posthybridization washes were performed according to the procedure of Del Giacco et al. [23] . The negative controls were performed using the antisense riboprobe preadsorbed with sense probe in excess. The detection was performed using Fab fragments (Boehringer). Time of proteinase K (10 g/ml) treatment was 4 min at room temperature. Binding of probe was visualized by confocal laser microscopy.
Statistical Analysis
Results were analyzed by ANOVA with a statistical software package, Stat View 512ϩ (Brain Power Inc., Calabasas, CA) operating in a Macintosh Plus computer (Apple, Cupertino, CA). A probability level of 0.05 was taken to indicate a statistical difference between means. All points are averages of determinations from five individual animals. Results are expressed as means Ϯ SE of data.
RESULTS
Cathepsin D Activity in Eggs and During Different Stages of Embryonic Development
After in vitro fertilization, 60% of the eggs were floating, while the remaining 40% sank and were nonviable. After fertilization, no cleavage was observed in the sinking eggs, while the appearance of blastomeres in the floating eggs occurred 1.5 h after fertilization at a water temperature of 14ЊC. Any cathepsin D activity was completely abolished by 0.07 M pepstatin A, and no enzymatic activity was detected when the substrates benzoyl-L-argininamide or glycyl-L-phenylalaninamide, specific for cathepsin B and C, respectively, were used. There were differences in cathepsin D activity between floating (0.93 ϩ 0.056 U/mg) and sinking (1.6 Ϯ 0.071 U/mg) eggs, with the level of activity being significantly higher (p Ͻ 0.01) in the latter. During embryonic development, cathepsin D activity was low during cleavage (0.6 Ϯ 0.055 U/mg) and in the early blastula stages (0.65 Ϯ 0.098 U/mg); it significantly increased (p Ͻ 0.05) during the late blastula stages to 1.33 Ϯ 0.106 U/mg, reaching maximal activity during the gastrula (1.7 Ϯ 0.095 U/mg) period and significantly (p Ͻ 0.05) decreasing thereafter to 0.91 Ϯ 0.014 during segmentation. In contrast, a significant (p Ͻ 0.05) increment of enzymatic activity (1.5 Ϯ 0.1 U/mg) was measured in hatching periods (Fig. 1) .
Complementary DNA Sequence of Seabream Cathepsin D
Two clones of the 3Ј RACE PCR product and three clones of the 5Ј RACE PCR product were sequenced in both directions. The full-length seabream cathepsin D cDNA is 1837 bp long, consisting of an open reading frame of 1200 nt (encoding 400 amino acids [aa], including stop codon), a 5Ј-UTR of 75 nt, and a 3Ј-UTR of 526 nt. A polyadenylation signal (AATAAA) was found at position 1782, 20 nt upstream of the polyadenylation site (Fig. 2) .
On the basis of the amino acid sequences of other forms of cathepsin D, seabream cathepsin D consists of a putative signal peptide of 19 aa, a propeptide of 44 aa, and a mature protein of 336 aa (Fig. 2) .
A comparison of the seabream cathepsin D with cathepsin D cDNA sequences from mouse [21] , rat [13] , human [12] , pig [24] , chicken [8] , trout [15] , and Xenopus [25] reveals a high degree of amino acid sequence similarity (73% mouse and rat, 72% human and trout, 69% chicken, 66% pig, and 65% Xenopus; Fig. 3 ). In all of the cathepsin D sequences, including the seabream, there is absolute sequence conservation at the aspartyl residues (ϩ33 and ϩ232). The sequence predicts three possible N-glycosylation sites, located at aa ϩ70, aa ϩ189, and aa ϩ274 (Fig.  2) .
Cathepsin D mRNA Expression
Whole-mount hybridization showed that the transcript of the cathepsin D gene was accumulated in only a few blastomeres during the blastula stage (Fig. 4A) , but during the hatching period the cathepsin D mRNA-positive cells were distributed in a wide region between the trunk and the tail and in the ventral region over the yolk sac (Fig. 4B) . Expression of the cathepsin D gene in S. aurata was analyzed in both floating and sinking eggs by Northern blotting using the transcription product of the pCTD 1722 insert DNA as a probe. The results show very significant differences in the band patterns between floating and nonfloating eggs (Fig. 5) . In fact, in the floating eggs, Northern blotting gave rise to a single band that was approximately 1.9 kb in size, the same size as that found in ovary and liver, while the sinking eggs produced several faster-migrating bands, all of them smaller than 1.9 kb.
DISCUSSION
Changes in the amount of cathepsin D activity during seabream oogenesis, depending on the stage of oocyte maturation, were previously observed; the highest levels of cathepsin D activity were found during early vitellogenesis, when a particularly intense deposition of yolk proteins occurs [10] . This enzymatic activity was reduced by about 50% when VTG endocytosis and proteolysis ceased [10] . In trout, the highest levels of expression of cathepsin D mRNA were also seen during the onset of vitellogenesis [15] .
The data presented here indicate that the enzymatic activity of cathepsin D is much higher in sinking eggs than in floating ones. Significant changes were observed during embryo development, and the maximal enzymatic activity was observed during gastrulation (Fig. 1) . The variations in cathepsin D activity during the different phases of development may be related to the embryos' energy requirements; during the first phase of development, when the divisions are rapid and no increase of volume occurs, the process of yolk mobilization is low, and the lowest levels of cathepsin D were found. On the other hand, the high levels of cathepsin D activity during late blastula phase, when cell division is slow and cell movement is evident, may be due to zygotic gene transcription [26] . Moreover, cathepsin D may be involved in programmed cell death, which is very important in body molding (e.g., tail regression of amphibians [27] ).
The cDNAs encoding cathepsin D from the ovary of the seabream, Sparus aurata, obtained by 3Ј and 5Ј RACE were cloned and sequenced, and they demonstrated that the full-length seabream cathepsin D cDNA is 1837 bp long, encoding a protein of 400 aa that shows appreciable similarity when aligned with teleost, amphibian, bird, and mammalian sequences [8, [12] [13] [14] [15] 25] . The mature peptide is 336 aa long and has three potential glycosylation sites, two of which (aa ϩ70 and aa ϩ189) are present in all the other cathepsin D sequences so far, except trout, which has only one potential N-glycosylation site, located at aa ϩ70. Moreover, there is absolute conservation at the aspartyl residues, which form part of the active site of the enzyme in all the cathepsin D sequences available.
The mRNA for cathepsin D was detected in both eggs and embryos; however, qualitative differences were observed between floating and sinking eggs, suggesting that in the latter, the cathepsin D gene may be expressed in a different way. In fact, no band of the same size as that found in floating eggs, ovary, or liver was found, but several bands of lower size were evident, perhaps being the products of an alternative splicing of the cathepsin D premRNA. However, the amount of enzymatic activity of cathepsin D in sinking eggs was even higher than that in floating eggs.
The localization of cathepsin D mRNA in the ventral region of the embryo over the yolk sac suggests the involvement of this enzyme in the process of yolk mobilization during embryogenesis. When results obtained in trout and seabream were compared, besides the differences in glycosylation sites mentioned above, differences in cathepsin D gene expression were also found; for example, the presence of cathepsin D mRNA both in eggs and in embryos before gastrulation was observed in seabream but not in rainbow trout [15] . The differences observed between these two species may be accounted for by the use of different techniques or by the fact that seabream eggs are pelagic and, as previously described, undergo a second pronounced proteolysis during oocyte maturation [3, 10] , which generates part of the osmotic gradient required for water uptake during the hydration phase and causes seabream eggs to float. In trout eggs, which are demersal, this second phase of proteolytic processing does not take place [28] .
In conclusion, the differences in cathepsin D enzymatic activity observed between floating and sinking eggs probably play a very important role during ovulation/fertilization; in fact, in poor-quality sinking eggs, the amount of cathepsin D enzymatic activity was found to be much higher than that in good-quality eggs, indicating that cathepsin D can be considered a possible marker for egg quality.
In the vast majority of oviparous (egg-laying) vertebrates, which is the majority of vertebrates, VTG provides essentially all the nutrients required for development of an embryo. VTG is a very large lipoprotein and hence needs to be broken down to its constituent parts (e.g., amino acids, fatty acids, ions, etc.) before these can be incorporated into the new proteins, lipids, etc. required by the developing embryo. Although, therefore, the degradation of VTG is an absolutely key process required for successful reproduction, very little is known about the process, which must be very tightly controlled. This study and a few others have begun to elucidate this degradation process by demonstrating that cathepsin D plays an important role. However, it is certain that other enzymes such as cathepsin L [10] , and probably many others, are also involved; for example, lipases will be required to remove the lipid from VTG and to separate it into its basic units (fatty acids and glycerol), before their use during embryogenesis. We have initiated studies aimed at identifying and characterizing some of these other enzymes.
Subsequent studies will need to focus on the expression of these enzymes (for example, when and in what locations in the egg/embryo they are expressed). It will also be necessary to elucidate the particular roles of each of the enzymes involved in yolk degradation and utilization.
